This study identified CSPG4 as a new target for TNBC. The antitumor activity of CSPG4-specific mAb was mediated by multiple mechanisms, including the inhibition of signaling pathways crucial for TNBC cell survival, proliferation, and metastasis.
Based on gene expression profiling using the DNA microarray technology, breast tumors are classified into distinct molecular subtypes that are associated with different clinical outcomes (1) (2) (3) . The main subtypes are normal breast-like, HER2 (also known as v-erb-b2 erythroblastic leukemia viral oncogene homolog 2, neuro/glioblastoma derived oncogene homolog) overexpressing, luminal A and B, and basal-like breast cancer. The normal breastlike cancer cells display high expression of genes characteristic of basal epithelial cells and adipose cells and low expression of genes characteristic of luminal epithelial cells (4) . The HER2-positive (HER2 1 ) cancer cells show overexpression of HER2 receptors and several other genes of the HER2 amplicon (3). The luminal tumors express high levels of luminal cytokeratins and genetic markers of the luminal epithelial cells (5) . They are subdivided into luminal A subtype that are predominantly estrogen receptor-positive (ER 1 ) and are histologically low-grade tumors, and luminal B subtype that are also mostly ER 1 but can express low levels of ER and are often histologically high-grade tumors (5) . The basal-like breast cancers do not express several genes that typify myoepithelial cells of normal breast tissue such as luminal cytokeratins, smooth muscle-specific markers, and certain integrins (2) . However, some basal-like cancers express high levels of cytokeratins such as cytokeratin 5, growth factor receptors such as epidermal growth factor receptor and tyrosine kinase receptor c-KIT (also known as v-kit 
Background
The cell surface proteoglycan, chondroitin sulfate proteoglycan 4 (CSPG4), is a potential target for monoclonal antibody (mAb)-based immunotherapy for many types of cancer. The lack of effective therapy for triple-negative breast cancer (TNBC) prompted us to examine whether CSPG4 is expressed in TNBC and can be targeted with CSPG4-specific mAb.
Methods
CSPG4 protein expression was assessed in 44 primary TNBC lesions, in TNBC cell lines HS578T, MDA-MB-231, MDA-MB-435, and SUM149, and in tumor cells in pleural effusions from 12 metastatic breast cancer patients. The effect of CSPG4-specific mAb 225.28 on growth, adhesion, and migration of TNBC cells was tested in vitro. The ability of mAb 225.28 to induce regression of tumor metastases (n = 7 mice) and to inhibit spontaneous metastasis and tumor recurrence (n = 12 mice per group) was tested in breast cancer models in mice. The mechanisms responsible for the antitumor effect of mAb 225.28 were also investigated in the cell lines and in the mouse models. All statistical tests were two-sided.
Results
CSPG4 protein was preferentially expressed in 32 of the 44 (72.7%) primary TNBC lesions tested, in TNBC cell lines, and in tumor cells in pleural effusions from 12 metastatic breast cancer patients. CSPG4-specific mAb 225.28 statistically significantly inhibited growth, adhesion, and migration of TNBC cells in vitro. mAb 225.28 induced 73.1% regression of tumor metastasis in a TNBC cell-derived experimental lung metastasis model (mAb 225.28 vs control, mean area of metastatic nodules = 44590.8 vs 165950.8 µm 2 ; difference of mean = 121360.0 µm 2 , 95% confidence interval = 91010.7 to 151709.4 µm 2 ; P < .001). Additionally, mAb 225.28 statistically significantly reduced spontaneous lung metastases and tumor recurrences in an orthotopic xenograft mouse model. The mechanisms responsible for antitumor effect included increased apoptosis and reduced mitotic activity in tumor cells, decreased blood vessel density in the tumor microenvironment, and reduced activation of signaling pathways involved in cell survival, proliferation and metastasis. Hardy-Zuckerman 4 feline sarcoma viral oncogene homolog), and growth factors such as hepatocyte growth factor and insulinlike growth factor (2, 3) .
Because gene expression profiling is not widely available clinically, most oncologists rely on other methods such as immunohistochemistry (IHC) to characterize clinical specimens. Unfortunately, IHC testing for basal-like breast cancer (6) has not gained wide acceptance because of the difficulty in combining the multiple IHC markers needed to characterize the basal-like phenotype and the incomplete concordance of these IHC markers with the molecular classification defined by gene expression pattern. Therefore, in the clinical setting, the triple-negative breast cancer (TNBC), characterized by ER 2 /progesterone receptor-negative (PR 2 )/HER2 2 phenotype, is generally accepted as a proxy for the basal-like subtype. The TNBC phenotype has a particularly unfavorable clinical prognosis, despite increased sensitivity to standard cytotoxic chemotherapy regimens (7) . An emerging concept is that tumor recurrences and unfavorable clinical prognosis of TNBC are because of the presence of a population of chemotherapy-and radiotherapy-resistant cancer stem cells (CSCs) within tumors (8 ) and have the functional characteristics of CSCs (9) . These findings suggest that one potential basis for the aggressive nature of both basal-like breast cancer and TNBC, and their resistance to chemo-and radiotherapy, is the presence of a substantial CSC subpopulation. A few recent studies have provided evidence for a high frequency of CSC, characterized by the CD44 hi / CD24 lo/2 phenotype, in basal-like breast cancer (10) (11) (12) . Similarly, TNBC is also reportedly enriched in the CD44 hi /CD24 lo/2 phenotype (13) . Because of the lack of expression of HER2 and hormone receptors ER and PR, TNBC does not benefit from the tailored therapies that are available to target ER or HER2 expression and/ or function (7) . Furthermore, targeting the epidermal growth factor receptor that is overexpressed in metastatic TNBC with cetuximab has shown disappointing results in clinical trials (14) . These findings emphasize the need to develop effective therapeutic strategies for this type of breast cancer.
In this study, we investigated whether chondroitin sulfate proteoglycan 4 (CSPG4), a tumor antigen (15) , is expressed by TNBC cells and whether CSPG4 protein might serve as a clinical target. CSPG4, also known as high-molecular weight melanoma-associated antigen or melanoma chondroitin sulfate proteoglycan, is a membrane-bound proteoglycan that consists of an N-linked 280 kDa glycoprotein and a 450 kDa chondroitin sulfate proteoglycan (15) . It was originally identified on the surface of melanoma cells with monoclonal antibodies (mAbs) (16); more recently, it has been found to be expressed on the surface of differentiated malignant cells, progenitor cells, and CSCs in various types of tumors (17) . CSPG4, a phylogenetically conserved protein (15) , has been shown to play an important role in growth, migration, and metastatic dissemination of tumor cells (17) . Whether the ability of CSCs to migrate and metastasize (9) is attributed to the expression and functional properties of CSPG4 remains to be determined.
CSPG4 was used as a target for immunotherapy of melanoma because of its high expression in at least 80% of melanoma lesions with limited inter-and intra-lesional heterogeneity and its restricted
CONTEXT AND CAVEATS
Prior knowledge CSPG4 protein expressed in 80% of melanoma lesions, and many other human malignancies has shown clinical benefits as an immunotherapy target in melanoma patients. Triple-negative breast tumors are resistant to chemo- and radiotherapy, so it is important to identify new therapeutic targets.
Study design CSPG4 expression was tested in triple-negative breast cancer (TNBC) cell lines and patient tumors. The immunotherapeutic efficacy of CSPG4-specific monoclonal antibody against tumor growth, metastasis, and recurrence was tested in TNBC xenograft mouse models.
Contribution
CSPG4 was preferentially expressed in TNBC cells. Mice treated with CSPG4-specific monoclonal antibody showed inhibition of tumor growth, metastasis, and recurrence. Implications CSPG4 protein is a therapeutic target in breast tumors with TNBC phenotype.
Limitations
The study included only a small number of patients. The antitumor activity of CSPG4-specific monoclonal antibody was also not tested in patient tumor-derived TNBC xenografts in mice. Results of this preclinical study may not be predictive of clinical success.
From the Editors
The human melanoma cell line M14 (22) , one of the few melanoma cell lines with no detectable CSPG4 protein expression, was used as the negative control, and the M14 cell line stably transfected with CSPG4 in our laboratory was used as the CSPG4-expressing cell line, M14/CSPG4 (22) . Cells were maintained in RPMI 1640 medium (Mediatech, Inc, Herndon, VA) supplemented with 10% fetal calf serum (Atlanta Biologicals, Lawrenceville, GA), penicillin (100 U/mL; Invitrogen, Carlsbad, CA), streptomycin (100 µg/mL; Invitrogen), and glutamine (2.92 mg/mL; Invitrogen) at 37°C in a humidified 5% CO 2 incubator. The M14/CSPG4 cells were grown in RPMI 1640 medium supplemented with geneticin (G418) (400 µg/mL; Invitrogen). The phenotype of M14 and M14/CSPG4 cell lines was verified by assessing the expression of CSPG4 protein by flow cytometry analysis.
Pleural Effusions and Isolation of Tumor Cells From Patients
Pleural effusions, which were used as a source of breast tumor cells, were drained from 14 metastatic breast cancer patients using a PleurX catheter kit (Denver Biomedical, Golden, CO) to collect the fluid. Approximately 500 mL-2 L of pleural effusion fluid was processed from all 14 patients to collect the breast tumor cells. The tumor cells were separated by a Ficoll (Invitrogen) density gradient centrifugation at 1800g for 20 minutes at room temperature using Sorvall RT 6000D Refrigerated Centrifuge (Sorvall, Buckinghamshire, UK) to remove tissue debris and red blood cells. Isolated tumor cells were cryopreserved in 90% fetal calf serum and 10% dimethyl sulfoxide (Invitrogen). Typical yields of tumor cells were 2.0 × 10 8 to 3.0 × 10 11 cells per liter of pleural fluid based on flow cytometry and trypan blue dye exclusion method of cell counting. Breast carcinoma cells were identified by gating out hematopoietic cells from the flow cytometry analysis. When a sufficient number of cells was available, they were stained for HER2 and carcinoembryonic antigen expression. A cell and tissue procurement protocol approved by the Duke University's Institutional Review Board was used. All patient samples were deidentified so patient demographic data were not available.
Monoclonal and Polyclonal Antibodies
All the mouse hybridomas used to produce mAbs in our laboratory were developed by us (16, (23) (24) (25) (26) (27) , with the exception of hybridoma HC-10 (28) that was developed by Dr H. Ploegh (Whitehead Institute, Boston, MA) and kindly provided to us. The mAbs 225.28, 763.74, TP41.2, and TP61.5 recognize distinct and spatially distant epitopes of CSPG4 and do not cross-inhibit each other's binding to CSPG4-positive cells (15, 16, 25, 26) . The mAb D2.8.5-C4B8 recognizes an epitope of CSPG4 in formalin-fixed paraffin-embedded (FFPE) tissue sections; this epitope is spatially distant from the epitopes recognized by the other four CSPG4-specific mAbs. The anti-idiotypic mAb F3-C25 (23) and the anti-idiotypic mAb MK2-23 (24) recognize an idiotope in the antigen-combining site of the HLA class II antigen-specific mAb CR11-462 and of the CSPG4-specific mAb 763.74, respectively; both were used as isotype controls. The HLA class I heavy chainspecific mAb HC-10 (28) and the calnexin-specific mAb TO-5 (27) were used to detect HLA class I heavy chain and calnexin, respectively; both were used as loading controls in immunoblot assays.
All mAbs are IgG1, except mAbs 225.28, F3-C25, and HC-10, which are IgG2a isotypes. The mAbs were purified from mouse ascitic fluid by sequential ammonium sulfate and caprylic acid precipitation (29) .
Ready-to-use mouse anti-human ER mAb (clone 6F11) and mouse anti-human PR mAb (clone 1A6) were purchased from Ventana Medical Systems, Inc (Tucson, AZ). Rabbit anti-mouse IgG-phycoerythrin (PE) antibodies were purchased from Dako North America, Inc (Carpinteria, CA). The following mAbs were purchased from BD Pharmingen (San Jose, CA)-mouse anti-human CD24-fluorescein isothiocyanate (FITC), mouse anti-human CD44-allophycocyanin, mouse anti-human CD45-peridinin chlorophyll protein, mouse anti-human HER2-PE, mouse antihuman CD2-PE, mouse anti-human CD3-PE, mouse anti-human CD10-PE, mouse anti-human CD16-PE, mouse anti-human CD18-PE, mouse anti-human CD31-PE, mouse anti-human CD140b-PE, and unconjugated rat anti-mouse CD31 (also known as platelet/ endothelial cell adhesion molecule, PECAM1). Mouse anti-human CD64-PE mAb was purchased from R&D Systems (Minneapolis, MN); rabbit anti-human ER-FITC mAb and rabbit IgG-FITC were purchased from Abcam (Cambridge, MA); and mouse antihuman carcinoembryonic antigen-PE mAb was purchased from Sanquin (Amsterdam, the Netherlands).
Mouse anti-human focal adhesion kinase (FAK, also known as protein tyrosine kinase 2) mAb and mouse anti-phosphorylated human FAK (Tyr397) mAb were purchased from BD Transduction Laboratories (San Jose, CA). Mouse anti-human ERK1/2 (extracellular signal-regulated kinases 1 and 2; also known as mitogenactivated protein kinase 1 and 3) mAb and rabbit anti-phosphorylated human ERK1/2 (Thr202/Tyr204) mAb; rabbit anti-human AKT (v-akt murine thymoma viral oncogene homolog 1, Akt1) mAb and rabbit anti-phosphorylated human AKT (Ser473) mAb; and rabbit anti-phosphorylated human Histone H3 (Ser10) antibodies were purchased from Cell Signaling Technology (Beverly, MA). Mouse anti-human protein kinase C, alpha (PKCa, also known as PRKCA) mAb was purchased from Sigma-Aldrich, Inc (St Louis, MO). Goat anti-mouse IgG-peroxidase antibodies and goat antirabbit IgG-peroxidase antibodies were purchased from Jackson ImmunoResearch Laboratories, Inc (West Grove, PA).
Gene Expression Analysis
The microarray mRNA expression data were obtained from a publicly available, clinically annotated, breast cancer dataset [National Center for Biotechnology Information Gene Expression Omnibus, accession number GSE5460 (30) 
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2 to other subgroups were reported as Mann-Whitney U tests using a Bonferroni threshold for multiple comparisons. For all statistical analyses, GraphPad Prism Software, version 4.03 (GraphPad Software, La Jolla, CA), was used. All two-sided P values less than .05 were considered statistically significant.
IHC Staining of Patient-Derived Breast Tumors
Four-micrometer thick sections of FFPE breast tumors surgically removed from patients were stained with ER-specific mAb (clone 6F11, 1:25 dilution) and PR-specific mAb (clone 1A6, 1:20 dilution), respectively, according to the manufacturer's instructions, using the BenchMark XT (Ventana Medical Systems, Inc). HER2 protein expression was assessed using the Food and Drug Administration-approved Hercept-Test (Dako North America, Inc) according to the manufacturer's instructions. ER and PR expression was scored on the basis of nuclear staining, whereas HER2 protein expression was scored on the basis of cytoplasmic membrane staining. ER and PR expression was scored positive when nuclear staining was detected in at least 1% of tumor cells, and HER2 expression was scored positive when cytoplasmic membrane staining was detected in at least 1% of tumor cells. 
/HER2
2 ) were used for the study. All tumors were reviewed by a pathologist, and invasive carcinoma was confirmed.
IHC Staining of CSPG4 Protein
Tissue sections were deparaffinized with 100% xylene for 20 minutes at room temperature and rehydrated with decreasing concentrations (100%, 90%, 80%, and 70%) (vol/vol) of ethyl alcohol. Antigen retrieval was performed by boiling the sections in 1 mM EDTA (pH 8.0) for 15 minutes. Slides were treated with 3% hydrogen peroxide, 1% bovine serum albumin (BSA) (Invitrogen), and 5% normal horse serum in Tris-buffered saline (25 mM Tris [pH 7.4], 150 mM NaCl) containing 0.1% Tween 20 (Sigma-Aldrich, Inc) and incubated in a closed humid chamber overnight at 4°C with the CSPG4-specific mAb D2.8.5-C4B8 (3 µg/mL). IHC signals were generated with EnVision 1 System-HRP (Dako North America, Inc) and substrate diaminobenzidine (Dako North America, Inc). Tissue sections were counterstained with Mayer Hematoxylin (Sigma-Aldrich, Inc), dehydrated with increasing concentrations (70%, 80%, 90%, and 100%) (vol/vol) of ethyl alcohol, incubated in 100% xylene for 20 minutes at room temperature, and mounted in Canada balsam (Sigma-Aldrich, Inc). A human melanoma and a normal skin FFPE tissue section were used as a positive and a negative control, respectively, to determine the staining specificity of mAb D2.8.5-C4B8. Cytoplasmic membrane staining was considered positive for CSPG4. The staining intensity was graded by semiquantitative analysis by two investigators (K. Sakakura and Y. Wang)-negative (-), when no staining was detected; weak (+), when the staining was weak; moderate (++), when the staining was homogeneous; strong (+++), when the staining was strong and homogeneous (32) . The staining was done once.
Flow Cytometry Analysis
The tumor cells isolated from the pleural effusions of patients were stained with antibodies specific to various cell surface markers to assess the percentage of various cell populations by flow cytometry and identify CSCs as described by Al-Hajj et al. (33) . Cells (1 × 10 6 ) were resuspended in phosphate-buffered saline (PBS; pH 7.4) (Invitrogen) containing 1% BSA in 96-well U-bottomed plates (Corning, Inc, Corning, NY) and incubated with the CSPG4-specific mAbs 225.28, 763.74, TP41.2, and TP61.5 (1 µg/mL for all mAbs) at 4°C for 30 minutes. After washing twice in PBS, cells were resuspended in PBS containing 1% BSA and incubated with rabbit anti-mouse IgG-PE antibody at 4°C for 30 minutes. After washing three times in PBS, cells were stained with mouse antihuman CD24-FITC mAb (1:10 dilution), mouse anti-human CD44-allophycocyanin mAb (1:10 dilution), mouse anti-human CD45-peridinin chlorophyll protein mAb (1:10 dilution), and stained with 7-aminoactinomycin D (1:10 dilution; Beckman Coulter, Marseille, France) (to exclude dead cells) at 4°C for 30 minutes. We used CD45 as a lineage (Lin) marker for the hematopoietic stem cells (Lin 2 ) because the cells that stain positive or negative for CD45-specific mAb also stain positive or negative for the lineage cocktail (mouse anti-human CD2, 3, 10, 16, 18, 31, 45, 64, and 140b)-specific mAbs (1:10 dilution was used for each mAb). In our study, the stem cell population was defined as CD45 
Reverse Transcription-Polymerase Chain Reaction
Semiquantitative reverse transcription-polymerase chain reaction (RT-PCR) was performed as described earlier (34) . The following primers were used to amplify and detect the CSPG4 gene, 5′-TGGCCTTCACTGTCACTGTCC-3′ (forward primer) and 5′-CACTTGCTTCTGGGCCGTCACTCG-3′ (reverse primer), designed by DNAstar (DNASTAR, Inc, Madison, WI). Total RNA was isolated from 1 × 10 6 MDA-MB-435 cells using Trizol Reagent (Invitrogen) according to the manufacturer's instructions. Purified RNA was treated with DNAseI (New England Biolabs, Beverly, MA) according to the manufacturer's instructions. cDNA synthesis was performed using Oligo-dT and M-MLV Reverse Transcriptase (Invitrogen). All RT-PCR assays were performed in 0.2 mL PCR Tube Strips (Fisher Scientific Company L.L.C., Kalamazoo, MI) using 0.5 µg cDNA and Taq DNA Polymerase (Invitrogen) in a final volume of 50 µL under the following conditions: 95°C for 5 minutes, 35 cycles of 30 seconds at 95°C, followed by 1 minute at 58°C and 1 minute at 72°C in a Gene Amp PCR System 9700 (Applied Biosystems, Foster City, CA). The RNA of each sample was normalized to the ACTB (actin, beta) mRNA level. The resulting PCR products were electrophoresed on 1.5% agarose gels, stained with ethidium bromide, and imaged with AlphaImagerTM2200 Documentation and Analysis System (Imgen Technologies, Alexandria, VA).
Immunoblot
The M14, M14/CSPG4, and MDA-MB-435 cells were cultured in RPMI 1640 medium with 10% fetal calf serum at 37°C.
MDA-MB-231 or MDA-MB-435 cells were seeded at the concentration of 2.0 × 10 4 per well in a 96-well plate in RPMI 1640 medium without serum and incubated at 37°C for 48 or 24 hours, respectively. Cells were then incubated with the CSPG4-specific mAb 225.28 (0.1 mg/mL), the control mAb F3-C25 (0.1 mg/mL), or PBS at 37°C for an additional 48 hours. Cells were lysed in lysis buffer (10 mM Tris-HCl [pH 8.2], 1% NP40, 1 mM EDTA, 0.1% BSA, 150 mM NaCl) containing 1/50 (vol/vol) of protease inhibitor cocktail (Calbiochem, La Jolla, CA). Cell lysates were also prepared from snap-frozen xenograft tumors that were homogenized and lysed in glass homogenizers (Kontes Glass Co, Vineland, NJ) in ice-cold radioimmunoprecipitation assay buffer (Thermo Scientific, Rockford, IL) containing 1/50 (vol/vol) of protease inhibitor cocktail (Calbiochem). After vortexing for 60 seconds, lysates were chilled on ice for 45 minutes and then centrifuged at 16 000g at 4°C for 30 minutes. Protein concentrations in the lysates were measured using the Bradford reagent (Bio-Rad Laboratories, Hercules, CA). Equal amounts of proteins (60 µg per well) from the clarified lysates were separated by sodium dodecyl sulfatepolyacrylamide gel electrophoresis and transferred to polyvinylidene fluoride membrane of 0.45-µm pore size (Millipore, Bedford, MA). After blocking the membranes with 5% nonfat dry milk plus 2% BSA at room temperature for 2 hours, membranes were incubated overnight at 4°C with CSPG4-specific mAb 763.74 (10 µg/mL), control mAb MK2-23 (10 µg/mL), mouse anti-phosphorylated human FAK (Tyr397) mAb (1:250 dilution), mouse anti-human FAK mAb (1:500 dilution), rabbit anti-phosphorylated human AKT (Ser473) mAb (1:1000 dilution), rabbit anti-human AKT mAb (1:1000 dilution), mouse anti-human ERK1/2 mAb (1:1000 dilution), rabbit anti-phosphorylated human ERK1/2 (Thr202/ Tyr204) mAb (1:1000 dilution), mouse anti-human PKCa mAb (1:125 dilution), mouse anti-human calnexin mAb TO-5 (1 µg/mL), and mouse anti-HLA class I heavy chain mAb HC-10 (0.2 µg/mL). Then, peroxidase-conjugated secondary antibodies (anti-mouse IgG antibody, 1:5000 dilution; or anti-rabbit IgG antibody, 1:10 000 dilution) were added, and incubation was continued at room temperature for an additional 45 minutes. Between the incubations, membranes were washed five times, 5 minutes each, with PBS (pH 7.4) containing 0.1% Tween. Then, bound antibodies were detected using ECL Plus Western Blotting Detection System (GE Healthcare, Buckinghamshire, UK), and bands were visualized using the FOTO/Analyst Investigator Eclipse System (Fotodyne Incorporate, Hartland, WI). Band densities were quantified using the TotalLab TL100 software (Nonlinear Dynamics, Durham, NC). The HLA class I heavy chain and calnexin, detected with mAb HC-10 and mAb TO-5, respectively, were used as the protein loading controls. per well, at 37°C in a 5% CO 2 atmosphere. At the end of day 2, 4, and 6, images of cultured cells were taken using a Zeiss Inverted Fluorescence Microscope (AxioVision Software; Carl Zeiss MicroImaging GmbH, Jena, DE). Cells were then harvested using Cell Recovery Solution (BD Biosciences), stained with trypan blue (Sigma-Aldrich, Inc) and counted using a hemocytometer (Hausser Scientific, Horsham, PA); cells stained with trypan blue were excluded (35, 36) . The results were expressed as percent inhibition of growth using the number of living cells incubated with PBS as a 100% reference. Incubation with mAb (0.25 mg/mL) for 6 days was selected for all cell growth experiments because the experimental conditions were optimal to detect differences in growth between mAb 225.28-and control mAb F3-C25-treated cells.
To measure cell adhesion, MDA-MB-435 cells were grown in serum-free RPMI 1640 medium at 37°C for 24 hours, seeded (2.0 × 10 5 cells per well) in a 96-well plate coated with fibronectin (12 µg/mL PBS), and incubated with the CSPG4-specific mAb 225.28 (0.05 mg/mL), the control mAb F3-C25 (0.05 mg/mL), or PBS, in 100 µL RPMI 1640 medium per well, at 37°C for 40 minutes in a 5% CO 2 atmosphere. At the end of the incubation, cells were washed in PBS to remove any nonadherent cells, and the adherent cells were fixed with 70% ethanol (vol/vol), stained with crystal violet (Sigma-Aldrich, Inc), and resuspended in PBS. The extent of cell adhesion was semiquantified by reading the optical density at 540 nm using a microplate reader (MTX Lab System, Inc, Vienna, VA). The results were expressed as percent inhibition of adhesion using the adhesion values of cells incubated with PBS as a 100% reference.
To measure cell migration, MDA-MB-231 cells were grown in serum-free RPMI 1640 medium at 37°C for 48 hours. Cells were then seeded (5.0 × 10 4 per well) in the top chamber of a 24-Transwell plate (8-µm pore size; BD Biosciences) and incubated with the CSPG4-specific mAb 225.28 (0.25 mg/mL), the control mAb F3-C25 (0.25 mg/mL), or PBS, in 100 µL serum-free RPMI 1640 medium per well, at 37°C in a 5% CO 2 atmosphere. All bottom chambers of the Transwell plate were filled with serum-free RPMI 1640 medium (600 µL per well) containing fibronectin (10 µg/mL; Sigma-Aldrich, Inc). At the end of day 2, migrated cells were stained with HEMA 3 stain set (Fisher Scientific Company L.L.C.) according to the manufacturer's instructions. The nonmigrated cells on the top side of the filter were removed by scrubbing twice with cotton tipped swab. The migrated cells on the bottom side of six randomly selected fields per well were then imaged and counted using a Zeiss Inverted Fluorescence Microscope (AxioVision Software, Carl Zeiss MicroImaging GmbH). The results were expressed as percent inhibition of migration using the number of migrated cells incubated with PBS as a 100% reference. All experiments were performed three independent times in triplicates. MDA-MB-231 cells were randomly divided into two groups-one group of mice (n = 8) was injected into the tail vein with the CSPG4-specific mAb 225.28 (100 µg per injection) and the other group of mice (n = 7) was injected with the control mAb F3-C25 (100 µg per injection). The mice injected with MDA-MB-435 cells were randomly divided into two groups-one group of mice (n = 5) was injected into the tail vein with the mAb 225.28 (100 µg per injection) and the other group of mice (n = 5) was injected with the mAb F3-C25 (100 µg per injection). The injections were given twice weekly until the mice were killed by CO 2 asphyxiation. The mice injected with MDA-MB-231 cells were killed on day 79 (week 11) and those injected with MDA-MB-435 cells were killed on day 34 (week 5), also by CO 2 asphyxiation. Lungs were collected, fixed in Bouin fixative (Polysciences, Inc, Warrington, PA), the lobes were separated, and white pulmonary nodules, a common manifestation of lung metastasis, were counted using a dissecting microscope (magnification ×10) (Carl Zeiss Stemi DV4 Stereomicroscope, Carl Zeiss MicroImaging GmbH). The technician and the research fellow who injected the mAbs were blinded to the specificity of the mAbs. The research fellow who analyzed the lungs was blinded to the type of treatment received by the mice.
In Vivo Studies
Late Experimental Lung Metastasis Model. Adult female SCID mice, 8 weeks old and weighing 17-18 g, were injected into the tail vein with MDA-MB-231 cells (1.0 × 10 6 per mouse; n = 16 mice) resuspended in 200 µL PBS. On day 20, two randomly selected mice were killed by CO 2 asphyxiation and the lungs were harvested and subjected to histological examination for the presence of metastatic nodules. Nodules were detected in both mice. At this time, the remaining 14 mice were randomized into two groups-one group of mice (n = 7) was injected into the tail vein with the CSPG4-specific mAb 225.28 (100 µg per injection) and the other group of mice (n = 7) was injected with the control mAb F3-C25 (100 µg per injection) every 48 hours, for a total of 3 injections. All mice were killed a day after the third injection, and the lungs were collected for analysis of the area of metastases as well as proliferation and apoptosis of tumor cells. The technician and the fellow who injected the mAbs were blinded to the specificity of the mAbs. 
IHC Staining of CD31 Protein in Postsurgery Orthotopic
Breast Cancer Model MDA-MB-435 cell-derived primary xenograft tumors were fixed with IHC Zinc Fixative (BD Biosciences) at room temperature for 24 hours and then embedded in paraffin blocks. Four-micrometer thick FFPE sections were stained with rat anti-mouse CD31 mAb (10 µg/mL) as described previously (37) .
Tumor Recurrence and Metastasis in Postsurgery Orthotopic Breast Cancer Model
The MDA-MB-435 cells (2.0 × 10 6 per mouse), resuspended in 50 µL PBS, were injected into the mammary fat pad of female SCID mice (total n = 24; 6 weeks old; weighing 15-16 g) using 0.5-mL insulin syringe (Kendall Healthcare). On day 7, when tumors were palpable, mice were divided into two groups using a stratified randomization strategy, such that the mean tumor volume was not statistically significantly different between two groups (P > .05). Starting on day 7, one group of mice (n = 12) was injected intraperitoneally with the CSPG4-specific mAb 225.28 (100 µg per injection), twice weekly, for a total of 18 injections; the other group of mice (n = 12) was injected similarly with the control mAb F3-C25 (100 µg per injection). On day 79, orthotopic primary tumors were removed using the approved survival surgery protocol. After the surgery, mice were treated with the analgesic drug ketoprofen (Fort Dodge Animal Health, Fort Dodge, IA) diluted in PBS (5 mg/kg, subcutaneously injected) daily for 3 days. Treatment with antibodies was continued using the same regimen for nine additional injections. Local tumor recurrence was monitored twice weekly. On day 131, all mice were killed by CO 2 asphyxiation and the lungs were collected and examined for the number of surface metastatic nodules as described above. The technician and the fellow who injected the mAbs were blinded to the specificity of the mAbs. The metastatic nodules in the lungs removed from the mice were counted by a technician who was blinded to the type of treatment received by the mice.
Statistical Analysis
Statistical analyses for all quantitative studies, except the analysis of CSPG4 mRNA expression, were performed using a two-sample Student t test. The 95% confidence intervals (CIs) of means were calculated for the difference between two sample means as described by Armitage and Berry (38) . All statistical analysis was performed using Microsoft Office Excel 2003 software. All two-sided P values less than or equal to .05 were considered significant. (Figure 1, A) .
Results

Expression of CSPG4 in
The Figure 1, B) .
Analysis of CSPG4 Expression on the Surface of Breast Cancer
Cell Lines. Next, we investigated if CSPG4 protein was preferentially expressed on the surface of the TNBC cell lines. Flow cytometry analysis of four TNBC cell lines (HS578T, MDA-MB-231, MDA-MB-435, and SUM149) and three luminal breast cancer cell lines (MCF7, SK-BR-3, and T47D) using CSPG4-specific mAb 225.28 showed that CSPG4 expression was substantially higher on the surface of TNBC cell lines (Figure 1, C) . Cells with a CD44 hi /CD24 lo/2 phenotype (CSC) were present at a frequency of approximately 92.5%-99.0% in the four TNBC cell lines. In contrast, cells with this phenotype were not detected in the SK-BR-3 cell line and were present at a frequency of 34.6% and 1.5% in the luminal breast cancer cell lines, MCF7 and T47D, respectively. Therefore, the frequency of CSCs was much higher in the TNBC cell lines than in the luminal breast cancer cell lines. A high percentage of CSC, approximately 66.7%-96.1%, showed high expression of CSPG4 (mean fluorescence intensity > 50) in the TNBC cell lines tested. In contrast, only a small percentage of CSC, approximately 1.5%-13.0%, showed a low or barely detectable expression of CSPG4 protein (mean fluorescence intensity = 4.6-12.0) in the three luminal breast cancer cell lines (Figure 1, C) . Therefore, the CSC subpopulation of TNBC cells showed a differential expression of CSPG4 compared with luminal breast cancer cells.
A flow cytometry analysis showed that the distinct epitopes recognized by the CSPG4-specific mAbs 225. 28 
) cells in the CD45
2 population contained a markedly increased (1.5-to 19.5-fold) percentage of CSC compared with the total CD45 2 cell population. The percentage of the CSC-enriched subpopulation in a CSPG4
1 population differed (mean = 7.14-fold, 95% CI = 4.09 to 10.19) depending on the CSPG4-specific mAb used (Table 2) . Representative results from the pleural effusions of four patients that showed different enrichment patterns of CSC cell population with the CSPG4-specific mAbs 225.28 and 763.74 are shown in Figure 1 , D. This observation was consistent with the heterogeneous expression observed for CSPG4 epitopes defined by different mAbs in different cell lines (Supplementary Table 1 , available online).
Analysis of the Molecular Characteristics of CSPG4 Expressed by Breast Cancer Cells
To define the molecular basis of the reactivity of CSPG4-specific mAb with the TNBC cell lines, we assessed the CSPG4 mRNA level in the MDA-MB-435 cell line by semiquantitative RT-PCR (Supplementary Figure 1, A, available online) because this cell line showed the highest level of CSPG4 expression (Supplementary Table 1 , top panel, available online). Immunoblot analysis with CSPG4-specific mAb 763.74 detected two components with the molecular weight of 280 kDa and greater than 440 kDa; these two components were previously reported in melanoma cell lysates (15) (Supplementary Figure 1, B, available  online) . -, P = .01) surpassed a Bonferroni threshold of .0167. B) Analysis of CSPG4 protein expression in triple-negative breast cancer (TNBC) lesions. Representative images of immunohistochemical (IHC) staining of TNBC lesions (arrow marked) stained with the CSPG4-specific monoclonal antibody (mAb) D2.8.5-C4B8 are shown. The staining was graded as 2 (negative), when no staining was detected; + (weak), when the staining was weak; ++ (moderate), when the staining was homogeneous; +++ (strong), when the staining was strong and homogeneous. The IHC staining was performed once. 
Effect of CSPG4-Specific mAb 225.28 on Growth, Adhesion, and Migration of TNBC Cell Lines In Vitro
Induction of CSPG4 expression on the surface of human melanoma cells showed enhanced growth, adhesion, and/or migration of the cells in vitro, and similar results were obtained with nerve/ glial antigen 2, the rat homolog of CSPG4, when expressed on the surface of rat glioma or mouse melanoma cells (39) (40) (41) . Therefore, next, we investigated if the CSPG4-specific mAb 225.28, which could bind to all the TNBC cell lines tested (Figure 1, C) , was able to block TNBC cell growth, adhesion, and migration in vitro. MDA-MB-231 and MDA-MB-435 cell lines were selected for this study because approximately 84% and 96% of the cells, respec- 2 tumors were the triple-negative breast cancer subtype. ER = estrogen receptor; PR = progesterone receptor. † Semiquantitative analysis of IHC staining of the cytoplasmic membrane with the CSPG4-specific mAb D2.8.5-C4B8. The staining was graded as 2 (negative), when no staining was detected; + (weak), when the staining was weak; ++ (moderate), when the staining was homogeneous; +++ (strong), when the staining was strong and homogeneous. The IHC staining was performed once. (Figure 2, C) , and MDA-MB-231 cell migration toward fibronectin by 56.8% (mAb 225.28 vs control mAb, mean = 56.8% vs 0.4%; difference of mean = 56.4%, 95% CI = 47.2% to 65.6%; P < .001) (Figure 2, D) . Therefore, these results showed that CSPG4 protein played a role in growth, adhesion, and migration of the TNBC cells.
Effect of CSPG4-Specific mAb 225.28 on Signaling Pathways Important for Cell Growth, Adhesion, and Migration In Vitro
To investigate the molecular mechanisms underlying the in vitro antitumor activity of CSPG4-specific mAb 225.28, we analyzed the effect on signaling pathways that are activated by CSPG4 and are involved in growth, adhesion, and migration of tumor cells. They include the FAK and ERK1/2 pathways that play an important role in cytoskeleton reorganization, as well as growth, adhesion, and migration of cells (41, 42) . In addition, CSPG4 is involved in PKCa-mediated enhanced cell migration and phosphatidylinositol 3-kinase/AKT-mediated increased survival and chemoresistance of tumor cells (43, 44) . These pathways are all activated in TNBC and associated with TNBC progression (45, 46) . In vitro incubation with the CSPG4-specific mAb 225.28 showed a decrease in the level of phosphorylated FAK (Tyr397), phosphorylated AKT (Ser473), and phosphorylated ERK1/2 (Thr202/Tyr204) in the MDA-MB-231 and MDA-MB-435 cell lines. In addition, the total protein levels of FAK, ERK1/2, AKT, and PKCa were also decreased ( Figure 3 ). These results indicated that the in vitro antitumor activity of mAb 225.28 may be mediated by inhibition of several signaling pathways involved in growth, adhesion, and migration of tumor cells.
Effect of CSPG4-Specific mAb 225.28 on Early Experimental Metastasis of TNBC Cells
Next, we assessed the in vivo antitumor activity of CSPG4-specific mAb 225.28 in an experimental lung metastasis model, induced by injecting MDA-MB-231 cells into SCID mice. This cell line was chosen because it has a high percentage (99%) of CSC, and a medium to high level of CSPG4 expression (mean fluorescence intensity = 53.8) (Figure 1, C) . On day 79, the number of pulmonary nodules was less by greater than 96.8% in the mice treated with the CSPG4-specific mAb 225.28 compared with the mice treated with the control mAb F3-C25 (mAb 225.28 vs control mAb, mean = 11.5 vs 362.3 nodules on lung surface; difference of mean = 350.8 nodules, 95% CI = 236.1 to 465.5 nodules; P = .008) (Figure 4, A) . Similar results were obtained in an experimental lung metastasis model induced by injecting MDA-MB-435 cells into SCID mice. These cells also express the CSC phenotype in 99% of the cells but have a much higher level of CSPG4 expression (mean fluorescence intensity = 713.6) compared with the MDA-MB-231 cells (Figure 1, C) . On day 34, the number of pulmonary nodules was less by greater than 81.1% by the CSPG4-specific mAb 225.28 compared with the control mAb F3-C25 (mAb 225.28 vs control mAb, mean = 146.8 vs 776.4 nodules on lung surface; difference of mean = 629.6 nodules, 95% CI = 250.6 to 1008.6 nodules; P = .003) (Figure 4, B) .
Effect of CSPG4-Specific mAb 225.28 on Late Experimental Metastasis of TNBC Cells
We further examined if CSPG4-specific mAb 225.28 was able to cause regression of established experimental lung metastasis (Figure 4, D) . We then investigated if there was a higher number of apoptotic cells in the metastatic pulmonary nodules of mice treated with the CSPG4-specific mAb 225.28. Lungs from mice treated with the control mAb F3-C25 were used as controls (Figure 4, E) . The number of apoptotic cells was approximately 69.8% higher in pulmonary nodules from mice treated with mAb 225.28, compared with mice treated with the control mAb F3-C25 (mAb 225.28 vs control mAb, mean = 59.9 vs 18.1 apoptotic cells; difference of mean = 41.8 apoptotic cells, 95% CI = 15.2 to 68.2 apoptotic cells; P = .01) (Figure 4, F) . Furthermore, the number of mitotic cells in the same pulmonary nodules was quantified by analyzing the expression of phosphorylated Histone H3 protein (47) (Figure 4, G) . The number of mitotic cells was lower by approximately 68.8% in the metastatic lesions from mice treated with mAb 225.28 compared with mice treated with the control mAb F3-C25 (mAb 225.28 vs control mAb, mean = 3.0 vs 9.6 mitotic cells; difference of mean = 6.6 mitotic cells, 95% CI = 3.2 to 9.9 mitotic cells; P = .002) (Figure 4, H) . To assess the potential clinical significance of the antitumor activity of CSPG4-specific mAb 225.28, we tested its ability to inhibit spontaneous metastasis and recurrence of orthotopic mammary tumors after surgical removal of the primary tumors on day 79. The mice (n = 12) treated with the CSPG4-specific mAb 225.28 showed statistically significant reduced levels of spontaneous lung metastases after surgery compared with mice (n = 12) treated with the control mAb F3-C25. All 12 mice in the control group developed metastases, whereas there was no metastasis in two mice and statistically significantly reduced metastasis in the remaining 10 mice (mAb 225.28 vs control mAb, mean = 14.55 vs 161.73 pulmonary nodules; difference of mean = 147.17 pulmonary nodules, 95% CI = 15.39 to 278.95 pulmonary nodules; P = .04) ( Figure 5, A) .
The mice treated with the CSPG4-specific mAb 225.28 also showed statistically significantly reduced tumor recurrence after surgical removal of the primary tumors; recurrences were detected in only two of the 12 mice treated with mAb 225.28 as compared with eight of the 12 mice treated with the control mAb F3-C25 (mAb 225.28 vs control, mean = 16.7% vs 66.7%; difference of mean = 50.0%, 95% CI = 14.0% to 86.0%; P = .01) ( Figure 5, B) . These results indicated that CSPG4-specific mAb 225.28 inhibited both tumor metastasis and tumor recurrence after surgical removal of orthotopic mammary primary tumors.
Effect of CSPG4-Specific mAb 225.28 on Density of Blood
Vessels in Primary Xenograft Tumors. The expression of CSPG4 protein is increased in activated pericytes in a tumor microenvironment, similar to its mouse homolog, and the CSPG4-specific mAb 225.28 also cross-reacts with mouse CSPG4 (data not shown). Therefore, we compared the vascular density in mammary fat pad primary xenograft tumors removed from mice treated with mAb 225.28 and the control mAb F3-C25 ( Figure 5 , C) using CD31-specific mAb as a probe to detect vascular density. Tumors from mice treated with mAb 225.28 showed a statistically significantly decrease in vascular density compared with tumors from mice treated with mAb F3-C25 (mAb 225.28 vs control, mean = 47.0 vs 69.7 blood vessels; difference of mean = 22.7 blood vessels, 95% CI = 5.6 to 39.8 blood vessels; P = .02) (Figure 5, D) .
Effect of CSPG4-Specific mAb 225.28 on Signaling Pathways Important for Cell Growth, Adhesion, and Migration in Primary Xenograft Tumors
To investigate whether CSPG4-specific mAb 225.28 also inhibits the signaling pathways in vivo, we analyzed xenograft tumors from mice treated with mAb 225.28 or control mAb for changes in the levels of total and phosphorylated FAK, ERK1/2, and AKT proteins, and total PKCa protein ( Figure 6, A) . A densitometric analysis showed that the levels of phosphorylated proteins of the three key signaling pathways associated with CSPG4 function were statistically significantly reduced in the mammary fat pad primary xenograft tumors treated with the CSPG4-specific mAb per mouse) and were randomized into two groups on day 3. One group (n = 8) was injected intravenously twice weekly with mAb 225.28, and the other group (n = 7) was injected with the control mAb F3-C25. Lungs were analyzed for metastatic nodules on day 79. Means and 95% confidence intervals from two independent experiments are shown. **P < .01. B) Analysis of MDA-MB-435 cell metastasis. On day 3, mice were injected intravenously with MDA-MB-435 cells (1 × 10 6 in 200 µL PBS per mouse) and randomized into two groups. One group of mice (n = 5) was injected intravenously twice weekly with mAb 225.28, and the other group of mice (n = 5) was injected with the control mAb F3-C25. Lungs were analyzed for metastatic nodules on day 34. Means and 95% confidence intervals from two independent experiments are shown. **P < .01. C) Analysis of the effect of CSPG4-specific mAb 225.28 on established experimental lung metastases. Mice were injected intravenously with MDA-MB-231 cells (1 × 10 6 in 200 µL PBS per mouse) and randomized into two groups. On day 20, one group of mice (n = 7) was injected intravenously with mAb 225.28 every 48 hours, three times, and the other group of mice (n = 7) was injected with mAb F3-C25 using the same schedule and dose as mAb 225.28. Lungs were collected on day 25 and formalin-fixed paraffin-embedded lung tissues were stained with hematoxylin and eosin. Representative images are shown. Magnification ×200. Scale bar = 100 µm. D) Quantitative analysis of tumor areas shown in (C). The area of metastatic nodules in each section was quantified from five randomly selected high-power (magnification ×200) fields. Means and 95% confidence intervals from two independent experiments are shown. ***P < .001. E) Analysis of apoptotic tumor cells in lung metastasis from mice treated with the CSPG4-specific mAb 225.28. Representative images are shown. Magnification ×200. Scale bar =100 µm. F) Quantitative analysis of the apoptotic cells shown in (E) from 10 randomly selected high-power (magnification ×200) fields per section. Means and 95% confidence intervals from two independent experiments are shown. **P < .01. G) Analysis of mitotic cells in metastatic tumors in lung tissue sections from mice treated with the CSPG4-specific mAb 225.28. Mitotic cells were detected by staining p-Histone H3 (Ser10) protein. Representative images are shown. Magnification ×200. Scale bar = 100 µm. H) Quantitative analysis of mitotic cells shown in (G) from 10 randomly selected high-power (magnification ×200) fields per section. Means and 95% confidence intervals from two independent experiments are shown. ** P < .01. All P values were calculated using the two-sided Student t test. P < .001]). The total amount of PKCa protein was also statistically significantly reduced in the primary tumors from mice treated with the CSPG4-specific mAb 225.28 compared with mice treated with the control mAb F3-C25 (mAb 225.28 vs control, mean = 1.1% vs 11.8%; difference = 10.7%, 95% CI = 3.4% to 18.1%; P = .012) (Figure 6, B) .
Discussion
This study has shown for the first time that the membrane-bound CSPG4 is differentially expressed in breast cancer subtypes with a significantly higher frequency in basal-like breast cancer and TNBC subtypes, compared with luminal subtypes, both in breast cancer cell lines and in patient-derived lesions. Additionally, CSPG4 protein was also expressed on the surface of tumor cells isolated from pleural effusions of breast cancer patients, and there was an association between the level of CSPG4 protein expression and the frequency of CSCs in the pleural effusions; this association was also noted in TNBC cell lines. More importantly, targeting TNBC cells with the CSPG4-specific mAb 225.28 inhibited their growth and migration in vitro and showed inhibition of tumor growth and metastasis in human TNBC tumor xenografts in immunodeficient mice. The CSPG4-specific mAb 225.28 also inhibited the regrowth of orthotopic primary tumors that were removed and limited the progression of metastatic lesions in surgically treated mice. The effects were associated with the reduction of proliferation and induction of apoptosis of tumor cells in metastatic lesions; reduction of vascular density in the tumor microenvironment; and inhibition of activation of key signaling pathways regulating cell proliferation, migration, and survival, both in vitro and in vivo. These results clearly indicate the potential usefulness of therapeutically targeting the CSPG4 protein in breast tumors with a TNBC phenotype.
In this study, the higher expression of CSPG4 in TNBC, compared with luminal breast cancer, was observed both in the CSC (cells with CD44 hi /CD24 lo/2 phenotype) subpopulation as well as the differentiated tumor cells. This observation was not unique to CSPG4 because a similar expression pattern was described for other molecules including epidermal growth factor receptor, cytokeratins 5 and 6, S-phase kinase-associated protein 2, and mesenchyme forkhead 1 (also known as forkhead box C2 [FOXC2]) (31, 48, 49) . Whether the differential CSPG4 expression in TNBC and other breast cancer subtypes reflects the different cell types from which they originate, or differences in the regulation of gene expression in different subtypes of breast cancer, remains to be determined. In contradistinction, the absence or low level of CSPG4 expression in subtypes of breast cancer other than TNBC is not likely to reflect loss of the encoding gene because loss of genetic material from chromosome 15 where CSGP4 has been mapped (50) has not been documented in those subtypes of breast cancer. Although the molecular mechanisms underlying the preferential expression of CSPG4 protein in TNBC were not fully elucidated in our study, the findings demonstrated the potential use of CSPG4 protein as a diagnostic biomarker and as a therapeutic target.
Because cells with CSC phenotype are known to have a high invasive potential, a highly enriched CSC subpopulation in the TNBC cell lines used in our experiments may have played a major in 50 µL phosphate-buffered saline per mouse) were injected into the mammary fat pad of female severe combined immunodeficient mice (n = 24). On day 7, mice were randomized into two groups using a stratified randomization strategy. Starting on day 7, one group (n = 12) was injected intraperitoneally with mAb 225.28 twice weekly for a total of 18 injections, and the other group (n = 12) was injected with the control mAb F3-C25. On day 79, all tumors were surgically removed. The treatment with mAb was continued with nine additional injections. A) On day 131, lungs were collected for quantitative analysis of metastatic nodules. Means and 95% confidence intervals from three independent experiments are shown. *P < .05. B) Mice were monitored twice weekly for local tumor recurrence. Results are expressed as the percent of mice treated with mAb 225.28 and control mAb F3-C25 that developed local tumor recurrence. **P = .01. C) Analysis of the effect of CSPG4-specific mAb 225.28 on the density of blood vessels in surgically removed primary tumors. Blood vessels in MDA-MB-435 cell-derived primary tumors were detected by staining with CD31-specific mAb. Representative images are shown. Magnification ×400. Scale bar = 100 µm. D) Quantitative analysis of the blood vessels shown in (C) by counting five randomly selected high-power (magnification ×400) fields per section. Means and 95% confidence intervals from three independent experiments are shown. *P < .05. All P values were calculated using the two-sided Student t test.
role in tumor progression and metastatic spread of cancer cells to lungs-a common site of metastasis associated with TNBC (7, 51, 52) . The CSC phenotype is also expressed by the majority of cancer cells detected in the bone marrow of breast cancer patients (53) . Given the important role of CSPG4 protein in migration, metastasis and chemoresistance of malignant cells (39, 40, 42, 43, (54) (55) (56) , as well as its expression on pericytes (57) , which may be the origin of mesenchymal cells (58) , it is tempting to speculate that the core protein of this cell surface proteoglycan may contribute to the stem cell-like properties of the CSC subpopulation and to the epithelialmesenchymal transition (59) . The morphologic transdifferentiation enables the carcinoma cells to acquire a mesenchymal appearance and gene expression profile that contributes to increased migration and invasiveness during malignant progression (60) (61) (62) .
The CSPG4-specific mAb 225.28 was effective in inhibiting metastasis of the TNBC cell lines, MDA-MB-231 and MDA-MB-435. Although, MDA-MB-231 is a well-established human breast cancer cell line, the nature of MDA-MB-435 as a breast cancer cell line is disputed (63) . According to some investigators, the MDA-MB-435 cell line has properties consistent with a melanoma origin, whereas according to others, the MDA-MB-435 cell line, which was isolated from the pleural effusion of a patient with breast cancer, has a gene expression profile consistent with a breast cancer origin (64) (65) (66) (67) . Despite its historically controversial origin, the MDA-MB-435 cell line proved to be a useful tool in our study to establish the proof of principle that CSPG4-targeted therapy is effective for inhibiting the growth, metastasis, and tumor recurrence of aggressive metastatic cell populations that have a high percentage (99%) of cells expressing the CD44
1
CD24
2/lo phenotype as well as the CSPG4 protein.
The CSPG4-specific mAb 225.28 inhibited the activation of multiple signaling pathways important for the malignant progression of TNBC (45, 46) . The pleiotropic effect of CSPG4-specific mAb on TNBC cells resembles that of other currently used therapeutic mAb, such as trastuzumab, which targets both the phosphatidylinositol 3-kinase/AKT survival signaling pathway and the mitogen-activated protein kinase growth signaling pathway (68, 69) . However, unlike trastuzumab, the CSPG4-specific mAb 225.28 did not mediate cell-dependent cytotoxicity (70) of TNBC cells because in vivo depletion of natural killer cells had no impact on its therapeutic efficacy (data not shown). Furthermore, mAb 225.28 did not mediate complement-dependent cytotoxicity (70) of CSPG4-positive tumor cells (data not shown). Collectively, these data indicate that the antitumor activity of CSPG4-specific mAb 225.28 was a direct result of its ability to inhibit signaling pathways important for the malignant progression of breast tumor cells.
There are significant efforts to target certain proteins, such as the sonic hedgehog and wingless-type MMTV integration site family, member 1-related signaling pathways that are associated with a "stem cell-like" tumor phenotype (71) . However, targeting these molecules has the potential disadvantage to cause side effects because of their role in normal stem cell maintenance and function (72, 73) . In contrast, targeting CSPG4 with mAb is not expected to cause negative effects such as potential toxicity because the viability and fertility of CSPG4 null mice (74, 75) argue against a critical role of this molecule for the maintenance and self-renewal of normal stem cells. In support of this possibility are two lines of evidence-first, side effects have not been documented in humans who have developed CSPG4-specific immunity either spontaneously or following immunizations (18, 76) ; and second, general toxicity, such as body weight loss and delay in wound healing, has not been observed in mice treated with two systemic administrations per week of CSPG4-specific mAb 225.28 for 6 months (data not shown). The exquisite specificity of CSPG4-specific mAb may render them ideally suited for targeting highly tumorigenic and metastatic cell subpopulations within malignant tumors, and the current results argue in favor of developing clinical trials for therapeutic evaluation in TNBC patients.
From a methodological point of view, it is noteworthy that we tested the therapeutic efficacy of the CSPG4-specific mAb-based and representative immunoblot of two independent experiments shows the levels of p-FAK (Tyr397), FAK, p-ERK1/2 (Thr202/Tyr204), ERK1/2, p-AKT (Ser473), AKT, and PKCa. HLA class I heavy chain was used as the loading control. p = phosphorylated. B) Quantitative densitometric analysis of the proteins shows the ratios of the density of each protein to the reference HLA class I heavy chain. Means and 95% confidence intervals from two independent experiments are shown. All P values were calculated using the two-sided Student t test.
immunotherapy in a postsurgical tumor recurrence and metastasis model instead of the widely used primary xenotransplant model because the former model, despite being technically challenging and time consuming, is closer to the actual clinical setting. In this setting, the main cause of death is not from primary tumors, which can be resected, but from local recurrence and distant metastasis of tumors.
This study has a few limitations. First, only a small number of patient-derived breast cancer tumors were tested for CSPG4 expression. Second, patient-derived TNBC lesions have not been used to assess the antitumor activity of CSPG4-specific mAb 225.28 in mice. To address these limitations, in some ongoing studies we are evaluating CSPG4 expression in a large number of different subtypes of breast cancer lesions to associate CSPG4 expression with the histopathological characteristics of the lesions and clinical course of the disease. Furthermore, we are evaluating the antitumor activity of mAb 225.28 in xenograft tumors established in mice from patient-derived TNBC lesions.
